Abstract. The possibility of strengthening existing R/C structures with a new technique based on the application of a High Performance Fiber Reinforced Concrete jacket is investigated herein, with the aim of studying the effectiveness of this technique for seismic retrofitting. The results of a beam-column joint full scale test simulating the behavior of existing beam-column joints are presented. The specimen have been subjected first to static loads and after to cyclic actions with increasing amplitude, up to failure. The tests demonstrated that, with the application of a HPFRC jacket, it was possible to remarkably increase the bearing capacity of the columns reaching also an adequate level of ductility, and the resistance of the beam column joints, with very little visible damage, thanks to the tensile strength contribution of HPFRC.
Introduction
A new technique for seismic retrofitting of R/C elements, based on the use of thin jackets made with High Performance Fiber Reinforced Concrete (HPFRC), has been recently developed [1, 2] . The proposed technique consists in encasing structural concrete elements in a thin layer of HPFRC (30-40 mm), after sandblasting of the existing concrete surface. The HPFRC material adopted exhibits a hardening behavior in tension coupled with a high compression strength. As a consequence the traditional reinforcement in the jacket can be avoided.
Herein a real case study concerning the application of the proposed technique is presented: a school building, located in a seismic area near Rome. Several in situ tests have been performed in order to assess the structural details and the strength of concrete and steel. The most significant result obtained was that a very weak concrete was found, with an average compressive strength equal to 11 MPa.
The assessment of the building was carried out by performing a non linear analysis and by considering the characteristics of the material measured in the in-situ tests. The results showed that the existing structures were not able to sustain either the static and the seismic loading condition according to the current Italian code requirements [3] , so the structural designer decided to strengthen the columns and joints by means of a 40 mm jacket in HPFRC, while the beams were strengthened with FRP sheets in order to enhance the load carrying capacity with respect to static loads.
Before the application of the jackets, two full scale tests simulating the behavior of the columns and beam-column joints under seismic loads were required by the Italian Council for Public Works and following this request, the University of Bergamo was asked to perform a column-foundation joint [4] and a beam-to-column joint.
Specimen preparation
Concerning the beam-to-column joint specimen, the column cross section was 300x300 mm in the upper part and 400x400 mm in the lower part while the beam had a 300x600 mm cross section. The column was 3.55 m high and the beam 5 m long. The geometry of the specimen is illustrated in Figure 1 .
The reinforcement and the concrete strength was typical of this kind of elements in the '60s, with a yield strength of about 486 MPa for steel and a cube compressive strength of 17 MPa for concrete. In the upper column there were 6 ∅12 mm longitudinal rebars, in the lower column 8 ∅12 mm bars and in the beam 3 ∅12 mm longitudinal rebars at the bottom and 4 ∅12 mm at the top. The stirrups consisted of ∅8 mm stirrups spaced at 300 mm for the whole specimen. No stirrups were placed inside the beam-to-column joint, as typical in the '60s.
After casting and a curing period of 14 days, the column surface was sandblasted for the successive jacketing. In addition FRP sheets were applied to the upper faces of the two beams to enhance their negative bending moment capacity with respect to design static loads. The FRP sheets, with a high elastic modulus and a tensile strength of about 3000 MPa, were bent at 90° and glued to the column. Eventually, they were encased in the HPFRC jacket.
The strengthening jacket, having a thickness of 40 mm was eventually cast adopting a selfcompacting HPFRC with a compressive strength of 130 MPa and a tensile strength of 6 MPa. 
Test set-up
The beam to column joint has been tested using the set-up represented in Figure 2 . The test set-up has been designed in order to develop a hinge constraint at the base of the column as well as a roller constraint at the top of the column and at the free beam ends. Therefore, the test piece represents a multi-storey frame part being included among its inflection points.
The axial load, equal to 140 kN in accordance to the critical design load combination for the column in the building, was applied by means of two hydraulic jacks. To obtain the load combination of shear and moment in the joint under serviceability loads, two forces of 24 kN were applied at the end of the beams before the application of the horizontal cyclic load.
Eventually, a horizontal cyclic load was applied at the top of the column by means of an electromechanical jack fixed to the reaction wall of the laboratory. The horizontal load was measured by means of a load cell, while the vertical loads were measured directly on the threaded bars at the beams' end.
Performance, Protection and Strengthening of Structures under Extreme Loading
Potentiometric transducers were adopted in order to measure the horizontal displacements at the column top, the rotations between the beams and the column, the rotations of the two halves of the column and the horizontal and vertical displacements of the beams' end.
Initially, a set of forces has been applied, aiming at simulating the serviceability loads acting on the joint.
The horizontal load was applied with cycles characterized by an increasing amplitude up to failure. The test has been carried out by imposing a horizontal drift at the top of the column. Thirty two cycles of increasing amplitude have been imposed, until a maximum displacement equal to 147 mm in the positive direction and 212 mm in the negative direction has been reached.
Results
The results in terms of horizontal load versus displacement at the level of the load application point are shown in Figure 3 . The joint behavior was stable up to a drift of 0.95%, whereby the horizontal force was already higher than the design force at the ultimate limit state. Concerning the drift, very little damage was observed at a drift equal to 0.5%, compatible with the code requirement for the Damage Limit State [5] . At this stage, a single hair-thin crack was observed at the top column base in the jacket. During the cycle at 1.00% of drift, a localized rotation at the beam end was observed, together with the debonding of the FRP sheets along the beam (Fig. 5) . As a result, the following cycles are characterized by a pronounced pinching. In addition to the above mechanisms, it was observed that the cracking pattern at each face of the beam-to-column joint localized in a single large crack, completely open for a significant part of the cycle, leading to the conclusion that the longitudinal rebars exhibited a substantial slip.
The top column failed during the cycle at a drift level equal to 4% (142 mm), as shown in Figure  4 . The failure was due to the concrete crushing at the top of the joint, and by the debonding of the FRP strip on the column side, leading to the detachment of the HPFRC layer encasing the FRP sheet (Fig. 6) . The test ended at a drift of 6%.
It can be observed that no damage evidence is present on the joint surface. After the test, the HPFRC jacket in the joint was removed in order to verify the conditions of the original concrete and it was found that the internal part of the joint was severely damaged. It was also observed that the vertical reinforcement in the beam-column joint moved during concrete casting. This anomaly, which may well occur in reality, justifies some inconsistencies and asymmetries in the response observed during the test. 
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Strength evaluation of the retrofitted vs original structural members
The results presented herein show that a sufficiently accurate estimate of the strength of the retrofitted elements may be provided by simple verification methods.
Concerning the column verification, first the M-N envelope diagrams are drawn for the section of the upper column. For the non retrofitted section, the M-N envelope is calculated following the classical simplified approach [6] . For HPFRC materials the same hypothesis were adopted. In addition, as the material exhibits a hardening behavior in tension, the tensile strength of concrete was considered by assuming a constant tensile stress distribution, an ultimate tensile deformation equal to 1%, and perfect bond between the HPFRC jacket and the substrate [7] . Figure 7 shows the M-N envelope for the upper column section, before and after strengthening, with the indication of the experimental point corresponding to a maximum bending moment of 120 kNm for an axial load of about 140 kN. A very large strength increase due to the jacket application is evident.
An evaluation of the ultimate bending moment of the beam end section of the joint specimen before and after the application of FRP sheets was performed, considering the FRP as linear elastic up to failure and assuming a reduced FRP sheet ultimate tensile deformation equal to 0,66% to take into account the effect of FRP sheet debonding in computing the ultimate bending moment of the strengthened section [8] . The ultimate bending moment is equal to 121 kNm for the unreinforced section and 216 kNm for the strengthened section. 
Performance, Protection and Strengthening of Structures under Extreme Loading
According to the instructions to the new Italian code [9] , the strength verification of the unretrofitted beam-column joint may be performed as follows (Eq. 1):
Where A g is the column section, N is the axial load in the upper column and V n is the total shear acting on the joint, defined as follow (Eq. 2):
For the retrofitted specimen, Equation 1 may be modified to account for the tensile strength contribution of the HPFRC jacket as follows (Eq. 3):
, with A g area of the section of the non retrofitted column and A' g area of the HPFRC applied to the column, γ HPFRC is the safety factor for HPFRC and F tk,HPFRC is the tensile strength of HPFRC. For the experimental specimen, the strength of both original and retrofitted joints was evaluated by adopting the average material properties and a unit safety factor γ HPFRC . In addition, the total shear acting on the node was computed by application of Capacity Design rules as (Eq. 4):
Where M 1 and M 2 are the resisting moments of the beams, as shown in Figure 8 , z 1 is equal to 0.9d for the original section and 0.9h for the retrofitted section, with h depth of the beam and z 2 is equal to 0.9d in both cases. The column shear V c is defined as (Eq. 5):
Where L is the span of the beam, L' is the clear span of the beam and H is the column height. Considering the test specimen, for the un-retrofitted joint, the column shear V C is equal to 65 kN and the total shear acting on the node V n is equal to 358 kN. With an axial load of 140 kN, the stress in the joint according to Equation 1 is equal to 3.27 MPa, larger than the joint strength, equal to 1.14 MPa. Hence, the joint in the unreinforced condition is not verified. For the retrofitted joint, the column shear V C is equal to 94 kN and the total shear acting on the node V n is equal to 486 kN. With an axial load of 140 kN, the stress in the joint derived from Equation 3 is equal to 2.92 MPa, slightly smaller than the joint strength, equal to 2.97 MPa. In this case, the joint strength verification is satisfied.
To prove the validity of this formulation, a comparison with the experimental results is presented. To this end, the maximum negative bending moment value reached in the beams during the test, equal to 187 kNm, is taken as M 1 , the corresponding positive bending moment acting on the other beam, equal to 76 kNm, is taken as M 2 , and the associated axial load value, equal to 53 kN, is adopted. By applying Equation 3, the stress in the joint is equal to 2.67 MPa, smaller than the joint strength, equal to 2.97 MPa. The result is consistent with the experimental evidence, as the joint did not exhibit any visible damage during the test.
Conclusions
The full-scale test presented demonstrated the efficiency of the HPFRC jacketing technique. With the application of a high performance jacket it was possible to increase the bearing capacity of the column and of the beam column joint, reaching also an adequate level of ductility.
The proposed technique resulted suitable for strengthening existing RC structures characterized by low concrete strength and low reinforcement ratios. In addition, the possibility of applying a thin concrete jacket does not substantially change the structure stiffness, which might be relevant when the stiffness distribution of the original building should not be significantly modified.
Finally, it is important to remark that the use of a Self Compacting HPFRC jacket results in very smooth cast surfaces, allowing avoiding the use of finishing plaster layers, with an obvious advantage in terms of reduction geometry variations in the structure.
